grass. Similarly, increased shoot growth induced by N fertilization is responsible for increased ET from well
dent. For example, when high N (1079 kg ha Ϫ1 yr Ϫ1 ) tions and interactions were evaluated. Applied alone, P and K had was applied shoot growth decreased with increasing K no effect on ET or shoot growth independent of the rate applied. Unless a high level of N was applied (588 kg ha Ϫ1 yr Ϫ1 ), N had no applied, while at low N (30 kg ha Ϫ1 yr
Ϫ1
) shoot growth affect on shoot growth or ET. Shoot growth (clipping yield) and ET increased with increasing levels of applied K. The effects were highly correlated (r ϭ 0.79, P Յ 0.001) in the single nutrient of N, P, and K on Kentucky bluegrass water use may study. There was an interaction between N, P, and K on shoot growth also be interactive given the close association between and ET. Shoot growth response was highly correlated with ET reshoot growth and ET; however, this has not been invessponse when fertilized in the normal range of P for the soil type tigated.
evaluated (0, 21.5, 43 kg P ha Ϫ1 yr Ϫ1 ). Evapotranspiration rate response
The limitation to a thorough treatment of the reto N, P, and K applied in combination were distinctly different from sponse to N, P, and K over a wide range of multiple nutrients applied alone. At medium to high levels of N and P (294 factor levels (e. g., 5 levels) afforded by using a complete kg N and 43 kg P ha Ϫ1 yr Ϫ1 and higher), water use increased in response factorial treatment arrangement is the large number of to increasing K applied. Conversely, at N and P levels routinely applied to this species and soil type (147 kg N and 21.5 kg P ha Ϫ1 yr Ϫ1 and treatment combinations (5 3 ϭ 125) that are required.
lower), increasing K levels minimized water use. Further research is
Box and Hunter (1957) suggested a three-factor central needed to study specific interactions.
composite design which allows for five levels of each factor and interactions to be evaluated with fewer treatment combinations than would be required with a com-W hen water resources become limited, the turfplete factorial. Additionally, the design allows for multigrass manager is restricted in irrigating turfgrass ple linear regression analysis to be used to obtain and acceptable quality turf must be maintained with less response functions for making inferences by fitting the water. Turfgrass managers have at their disposal the appropriate model to the original data by the least ability to alter many different cultural practices which squares method. Predicted response surfaces can be fitmay reduce the amount of water lost through turfgrass ted to include treatment levels (N-P-K combinations) ET. Among the cultural factors which have been shown not included as a part of the original data so long as to influence turfgrass water use are species and cultivars the factor levels of interest are within the range of the (Biran et al., 1981; Shearman, 1986; Aronson et al., 1987;  original treatment levels on which the response function Kopec and Shearman, 1987; Kim and Beard, 1988) , was based. Composite designs have been used successmowing height (Madison, 1962; Madison and Hagen, fully in agronomic and turfgrass fertility research (Her-1962; Shearman and Beard, 1973; Biran et al., 1981; manson et al., 1964; Christians et al., 1979; Turner, 1980; Feldhake et al., 1983) , mowing frequency, (Shearman Christians et al., 1981) . The objectives of the present and Beard, 1973) , and N fertility (Krogman, 1966; Man- study were to determine the interactive effects of N, P, tell, 1966; Shearman and Beard, 1973; and K on Kentucky bluegrass ET and shoot growth, 1983) . Increasing the height of cut increases the amount and in what proportions N, P, and K applied minimize of transpiring leaf area exposed to the atmosphere and water use. A central composite experimental design was the amount of water being lost from well irrigated turfused and included a broad range of the three nutrients of interest under field conditions. the simple effects of N, P, and K applied alone at five application rates. A second field study was initiated in 1989 using a May 1988 when the lysimeters were moved into the field and central composite design to investigate the interactive effects positioned as two contiguous rows under a rainout shelter for of N, P, and K.
ET determinations. Monthly fertilizer schedules listed in Table  In the 1988 field study, a randomized complete block design 2 were followed during the establishment phase beginning in with four replicates was used. The objectives of the 88 study August and during the subsequent field season. Six evaluation was to evaluate turfgrass water use and clipping response to periods were used throughout the 1988 season beginning 15 N, P, and K applied alone. The 15 treatments are listed in July and ending 20 September. At the beginning of the first Table 1 and included three nutrients (N, P, and K) applied measurement period, lysimeters were clipped to 3.8 cm, subsealone at five fertilizer levels corresponding to low (L), mequent mowing were made at weekly intervals. Clippings were dium-low (ML), medium (M), medium-high (MH), and high collected and oven dried at 80ЊC for 48 h for dry weight (H). No fertilizer nutrient combinations were applied in the determination. Clipping weight and ET were based on mea-1988 study; however, the treatment design represented a comsurements collected over the same 7-d data collection period. plete factorial arrangement of 15 treatments corresponding Evapotranspiration was determined by the bucket-type to a 3 ϫ 5 (nutrient ϫ rate) treatment combination. Treatweighing lysimeter method adapted from Feldhake et al. ments of N, P, and K were made as surface applications using (1983) and Aronson et al. (1987) . At the start of each data urea (46-0-0), triple super phosphate, or muriate of potash collection period, lysimeter weights at container capacity (con-(KCl), respectively. The monthly fertilizer schedule is shown tainer weight after saturation and drainage) were recorded, in Table 2 . The treatments and schedule listed in Tables 1  and containers were brought back to container weight at the and 2 were applied to individual bucket-type lysimeters (25.4-end of the evaluation cycle. Grasses were clipped after weight cm ID by 30.5 cm deep, polyvinylchloride) filled with air-dried loss difference was determined on Day 7 of the evaluation Arkport fine sandy loam (Psamentic Hapludlafs, coarse loamy period. The weight loss difference on a gravimetric basis was mixed mesic, 645 g kg Ϫ1 sand, 234 g kg Ϫ1 silt, 121 g kg Ϫ1 clay, converted to millimeters per week to estimate ET. The soil 38 g kg Ϫ1 organic matter, pH 5.3) having a bulk density of 1.3 moisture conditions of the 1988 study are considered to be g cm Ϫ3 . A uniform bulk density was achieved by filling each non-limiting because no signs of leaf fold or leaf roll (an lysimeter bucket with air-dried soil to a standard weight of indication of mild drought stress) was observed during any of 20.1 kg. Available nutrients at the initiation of the study were the 7-d evaluation periods. No sampling period by treatment 2.8 kg ha Ϫ1 of P and 20 kg ha Ϫ1 of K base on sodium acetate interaction was detected for ET or clipping yield, thus samextraction performed by the Cornell University Nutrient pling periods were combined and treatment differences are Analysis Laboratory. Soil test values for P and K were considreported here averaged across the six sampling periods. ered low for this soil.
In the 1989 field study, the interaction among five levels In August 1987, lysimeters were seeded with Majestic Kenof N, P, and K was evaluated with 15 N-P-K treatment combitucky bluegrass at 0.75 g per lysimeter (147 kg ha Ϫ1 ). Before nations and the central composite experimental design. Actual seeding, 7.7 g (1512 kg ha Ϫ1 ) of calcitic limestone was added treatments and levels of N, P, and K applied are shown in to each lysimeter to adjust pH to 6.5. Lysimeters were established and maintained under greenhouse conditions until early Table 3 . The central treatment of the interaction was 294 kg -------147  49  --49  --49  ---294  49  49  -49  -49  -49  -49  441  49  49  49  49  49  49  49  49  49  -588  147  49  49  49  49  49  49  49  49  49  P  0  ----------21.5 21 No. 8 representing the medium rate level, Table 3 ) and was replicated six times. The other 14 N-P-K treatment combina-SAS (Statistical Analysis System) program. General linear tions were chosen to include a wide range of each nutrient of models (GLM) procedure was used to identify treatment facinterest and were unreplicated. The 1988 and 1989 field studies tors that contributed significantly (at P Յ 0.05 level) in exrepresented independent studies; however, the range of rates plaining the response variable. The equations for ET and used in the 1989 study were identical as those used for the clipping yield reported here are final models generated using 1988 study. It is important to recognize that predicted remultiple linear regression analysis. The equations can be sponses, which can be fitted by regression analysis using the solved by substituting coded values (Ϫ2, Ϫ1, 0, ϩ1, ϩ2, correcentral composite design, can include treatments (N-P-K comsponding to low, medium-low, medium, medium-high, and binations) that were not part of the original design. Therefore high rate levels, respectively) for N, P, and K. No interaction the two studies, while independent, are related. New lysimeter between sampling period and treatment-interaction terms in buckets were prepared for the 1989 study. Treatment combinathe final models were detected, hence equations and corretions shown in Table 3 were applied to lysimeters seeded to sponding predicted response surfaces that are presented here Majestic Kentucky bluegrass which were prepared in August have been pooled across sampling periods. 1988. The lysimeters were prepared and maintained by the same procedures as described for the 1988 study, and was fertilized during the establishment phase in the greenhouse (clipping yield) and ET, while P and K applied alone maintained in the greenhouse and were fertilized according had no effect on shoot growth or water use, independent to Table 2 under greenhouse conditions. Twelve sampling of the rate that was applied ( Fig. 1 and 2 ). The influence periods in all were included in the 1989 field study for ET of application rate on Kentucky bluegrass was only sigand clipping yield. No leaf wilt was observed during any of the field sampling periods in 1989. Data was analyzed by the nificant with ET rate (Table 4 ). The amount of N, P, and K applied in our study ranged from no fertilization
RESULTS AND DISCUSSION
The predicted ET response of Kentucky bluegrass was to high levels. In the normal range of N fertilization of Y ET ϭ 21.4 ϩ 0.85(N) ϩ 0.22(P) ϩ 0.16(K) 49 to 294 kg ha Ϫ1 yr Ϫ1 , there were no differences in ϩ 0.24(K 2 ) Ϫ 0.24(NP) ϩ 0.61(NK) clipping yield or ET rate in Kentucky bluegrass ( Fig. 1  and 2 ). ϩ 0.69(PK) ϩ 0.35(NPK)
[2] It is apparent on the basis of this study that reducing N fertilization would result in no substantial savings in When applied alone, nitrogen (averaged across rate water needed for irrigating turfgrass to replace that lost levels) was associated with significantly higher clipping by ET. Unless high N levels are applied (588 kg ha Ϫ1 yield and ET compared to P and K (Table 5) . Similarly, yr Ϫ1 ), water use and clipping yield would be unaffected close inspection of these equations indicates that the by altering N. However, others (Feldhake et al., 1983 change in shoot growth and ET responses was greatest and 1984) have observed significant increases in Kenwith changing levels of N applied (indicated by the relatucky bluegrass ET in response to N rates lower than tive magnitude of the corresponding regression coeffithose reported here (for example, 160 kg of N ha Ϫ1 cient). These equations can be solved by substituting yr Ϫ1 ). Turfgrass ET losses are affected by several morthe coded values (Ϫ2 to ϩ2, for low to high rate levels, phological shoot characteristics (related to canopy resisrespectively) for N, P, and K into Eq.
[1] and [2] . The tance and leaf area components; Kim and Beard, 1988;  predicted shoot growth (clipping yield response, Eq. Ebdon and Petrovic, 1998), as well as physiological and
[1]) of Kentucky bluegrass increased with increasing root growth factors. Clipping yield response is an imporlevels of N applied (indicated by the correspondingly tant component of leaf area that is only one of several large positive "ϩ" regression coefficient for N) and was factors related to consumptive water use. We detected quadratic in response to N (hence the N 2 term was a strong correlation between ET rate and clipping yield retained in the final model). Similarly, predicted ET (r ϭ 0.79 P Յ 0.001 level, n ϭ 15) in this study. Phosphoresponse increased with increasing levels of N, but ET rus and K applied alone had little influence on plant was linear in response to N. However, clipping yield growth (and ET); however, their interactive influence and ET responses in Kentucky bluegrass to increasing N with N cannot be evaluated in the context of this single levels changed with increasing levels of P and K applied; nutrient study. Furthermore, P and K have an important indicated by the N-P-K interaction term included in the influence on stress tolerance (especially K on drought final models for clipping yield (Eq.
[1]) and ET (Eq. tolerance; Waddington et al., 1978; Schmidt and Breu-[2] ) responses. ninger, 1981; Shearman, 1982) , which would not be ap-
The N-P-K interaction on clipping yield and ET rate parent under the non-limiting soil moisture conditions is indicated by the predicted response surfaces shown of this study.
in Fig. 3 to 7, and were generated from Eq.
[1] and [2] . By means of these equations, the predicted clipping Nitrogen, Phosphorus, and Potassium yield response to increasing levels of N when no P and
Interaction: 1989 Field Study
K are applied is shown in Fig. 8 . This predicted response The predicted clipping yield response of Kentucky based on the 1989 field study data and Eq.
[1] conforms bluegrass is shown below.
closely with actual clipping yield response to increasing levels of N applied alone from the 1988 field study ( clipping response was 0.92 (P ϭ 0.02). Additionally, predicted ET (Fig. 8 ) and actual ET (Fig. 2) response Ϫ 0.02(PK) Ϫ 0.08(NPK).
[1] to increasing N applied alone are also similar (r ϭ 0.82, P ϭ 0.08). Where comparisons can be made between lated when fertilized in the normal range of P fertilization for this soil (0, 21.5, and 43 kg P ha Ϫ1 yr Ϫ1 , Fig. 3 , the 1988 and 1989 field studies, these results indicate some agreement in clipping yield and ET response to N, 4, and 5). The correlation between predicted ET and clipping yield was 0.71 (P Յ 0.001), 0.94 (P Յ 0.001), and validate the results of the two independent studies evaluated collectively over a 2-yr period. No such comand 0.57 (P Յ 0.01) for 0, 21.5, and 43 kg P ha Ϫ1 yr Ϫ1 , respectively. No relationship (correlation) between preparison for P and K applied alone (e. g., zero N applied) could be made between predicted yield and ET redicted clipping yield and ET response surfaces at 64.5 and 86 kg ha Ϫ1 yr Ϫ1 of P was found ( Fig. 6 and 7) . The sponses from Eq. [1] and [2] and actual yield and ET responses shown in Fig. 1 and 2 . Zero N was outside interactive effect of N and K at medium-high and high levels of P on Kentucky bluegrass ET rate must have the range of the original N treatment levels (49 to 588 kg ha Ϫ1 yr
Ϫ1
, Table 3 ) on which Eq.
[1] and [2] were based. been related to some other factors affecting water use other than what could be explained by variation in clipThe nature of the interaction between N, P, and K on Kentucky bluegrass water use (Fig. 3-7) can in part ping yield response. The rate and direction of change in Kentucky bluebe explained by the interactive effects of N, P, and K on shoot growth response. Predicted shoot growth and grass ET rate to increasing levels of N applied was dependent on the level of P and K. When N was applied ET in response to increasing N and K were highly corre- ). Nitrogen fertilization is considered to be the most (predicted shoot growth actually decreased in response to increasing K, Fig. 7) . Christians et al. (1981) also all levels of N applied. At low N (49 kg ha Ϫ1 yr Ϫ1 ), Kentucky bluegrass ET decreased from 21.3 to 17.1 mm observed a decreased in Kentucky bluegrass shoot growth in response to K at high levels of N, and a wk Ϫ1 and at high N (588 kg ha Ϫ1 yr
) water use decreased from 27.3 to 21.8 mm wk Ϫ1 . At medium to high increase in shoot growth in response to K applied at low levels of N (a predicted response surface which is levels of N and P applied (294 kg N and 43 kg P ha Ϫ1 yr Ϫ1 and higher, Fig. 5, 6 , and 7), Kentucky bluegrass similar to the one we observed shown in Fig. 7) .
Predicted ET in response to increasing K and changwater use increased in response to increasing K applied. Hence, at N and P levels that are routinely applied to ing levels of N and P are distinctly different when compared with K applied alone (Fig. 2) . When no P was this soil type and turfgrass species (147 kg N and 21.5 kg P ha Ϫ1 yr Ϫ1 and lower), increasing K levels minimized applied (Fig. 3) , increasing levels of K applied to Kentucky bluegrass had a moderating affect on ET rate at Kentucky bluegrass water use. High K levels that re- sulted in lower water use values appears to be related developing a turfgrass fertilization program, the objective is to achieve a functional turfgrass that provides a to less shoot growth response (Fig. 3, 4 , and 5). Additionally, plants can experience restricted water uptake in uniform and resilient playing surface or a high quality functional turf from a visual perspective; turfgrass qualsaline environments because of increased osmotic pressure associated with high levels of salts such as KCl ity cannot be measured by yield. It is not unusual for turfgrass practitioners to apply (Harivandi et al., 1992) . Others have also observed less shoot growth response of Kentucky bluegrass with high excessive levels of fertilizer nutrients and, on the basis of our studies, nutrient effects are interdependent and K (Monroe et al., 1969; Christians et al., 1981) . Turfgrass quality data was not recorded in this study. However, rate related. The interactive effects of N, P, and K on Kentucky bluegrass shoot growth and associated water reduce shoot growth in response to increasing K does not necessarily equate to a loss in turfgrass quality. In loss was very apparent in this study. However, specific interactions were identified that require further study.
